Keywords: olivine crystallographic preferred orientation grain growth seismic anisotropy mantle lithosphere Seismic anisotropy throughout the oceanic lithosphere is often assumed to be generated by fossilized texture formed during deformation at asthenospheric temperatures close to the ridge. Here we investigate the effect of high-temperature and high-pressure static annealing on the texture of previously deformed olivine aggregates to simulate residence of deformed peridotite in the lithosphere. Our experiments indicate that the orientation and magnitude of crystallographic preferred orientation (CPO) will evolve due to the preferential growth of grains with low dislocation densities. These observations suggest that texture and stored elastic strain energy promote a style of grain growth that modifies the CPO of a deformed aggregate. We demonstrate that these microstructural changes alter the orientation distributions and magnitudes of seismic wave velocities and anisotropy. Therefore, static annealing may complicate the inference of past deformation kinematics from seismic anisotropy in the lithosphere.
Introduction
The upper mantle is seismically anisotropic (e.g., Burgos et al., 2014) , which is mainly attributed to elastically anisotropic olivine crystals aligned in a crystallographic preferred orientation (CPO) (e.g., Nicolas and Christensen, 1987) . CPO in olivine is typically interpreted to result from solid-state plastic deformation. As such, interpretation of seismic anisotropy is the primary approach for inferring the kinematics of mantle flow (Karato et al., 2008; Skemer and Hansen, 2016) .
The interpretation of seismic anisotropy is particularly challenging near plate boundaries, where flow patterns are complex (Boneh and Skemer, 2014; Skemer et al., 2012) . However, even beneath the interiors of oceanic plates, which are assumed to be kinematically simple, there is still vigorous debate about the depths, magnitudes, and orientations of seismic anisotropy (Becker et al., 2014; Lin et al., 2016) . Many studies assume that the orientation of anisotropy in the highly viscous lithospheric mantle is "locked-in" and records the kinematics of deformation during its formation at the mid-ocean ridge, while anisotropy in the asthenosphere is continuously overprinted by current plate motion. This basic model is supported by numerous studies that detect layered anisotropy in both the oceanic and continental lithosphere (Barruol et al., 1997; Silver and Chan, 1991; Silver and Savage, 1994; Yuan and Romanowicz, 2010) .
However, the validity of this model rests on two assumptions: first, that due to temperature-dependent changes in rock rheology the mantle does not deform significantly below a certain temperature, and second, that deformation is the only process that affects CPO. Here, we explore this second assumption by investigating the influence of high temperature and high pressure static annealing on the stability of olivine CPO.
Methods
The starting material for these experiments was a synthetic Fo 50 olivine aggregate, which was previously deformed in torsion at a confining pressure of 0.3 GPa and 1200 • C in a Paterson apparatus at the University of Minnesota (sample PT0718; for full description of the sample fabrication and deformation see: Hansen et al., 2016) . Fo 50 is a reliable analogue to Fo 90 olivine in terms of its mechanical and textural behavior, but has a lower viscosity under the same deformation conditions, which facilitates high shear strain torsion experiments (Hansen et al., 2014; Zhao et al., 2009) . We cut the deformed sample into three equalsized slices along longitudinal sections parallel to both the radial direction and the axis of the initially cylindrical sample. As the sample was deformed in torsion, there is a linear gradient in shear strain from the outer edge to the center of the cylinder. The por- tions of the sample used in this study were deformed to shear strains from γ = 7-10.
Following the torsional deformation, olivine grains in the sample are 11 ± 8 μm in diameter, with aspect ratios of approximately 2:1. The olivine CPO is strong, with [100] axes parallel to the shear direction and [010] axes perpendicular to the shear plane, which corresponds to the A-type CPO of Jung and Karato (2001) (Fig. 1a) . The narrow size distribution of dynamically recrystallized grains, the strength of the CPO, and comparison to samples deformed to a wide range of strains in similar experiments suggest that the microstructure is near steady-state (Hansen et al., 2014) .
In the annealing stage of the experiments, the samples were held at constant temperature and hydrostatic pressure, using BaCO 3 and MgO as the pressure medium and spacers respectively, in a solid-medium piston-cylinder apparatus. Each sample was surrounded with Fo 50 powder, which was identical to the powder used to synthesize the original sample, and packed inside a nickel capsule. The three samples were annealed at 1 GPa and 1250 • C for 4, 20, or 168 h, respectively. During each run, pressure was increased to 1 GPa at room temperature and then temperature was increased by 50 • C per min with a 6-min pause at 900 • C to allow the system to stabilize. Samples were quenched by shutting off the power to the furnace, which reduces the sample temperature to less than 100 • C in under 30 seconds.
Thick sections of the annealed samples were prepared with a cross sectional area of ∼1 mm 2 oriented parallel to the Y −Z plane of the starting deformed sample, i.e., within the plane that includes the radial direction (Y -axis) and the normal to the shear plane ( Z -axis), and perpendicular to the shear direction ( X -axis) (Fig. 1 ). Samples were polished using SiC and diamond abrasives down to 0.25 micron, followed by chemical-mechanical polishing using colloidal silica. Microstructural elements including grain size, intra-and inter-granular misorientation, and crystallographic orientation were characterized in two stages. First, large areas were mapped using conventional electron backscatter diffraction (EBSD). These data were acquired using a JEOL 7001-FLV scanning electron microscope (SEM) at 20 kV with an Oxford Instruments Nordlys F+ EBSD detector. Second, key areas were selected and mapped using high-angular resolution EBSD (HR-EBSD, Wallis et al., 2016; Wilkinson et al., 2006) . These data were acquired using an FEI Quanta 650 field emission gun SEM at 30 kV with an Oxford Instruments Nordlys S EBSD detector. All data were acquired with SEMs operated in low-vacuum mode. EBSD maps have a step size of either 1 or 5 microns and HR-EBSD maps have a step size of 0.6 μm. Data were analyzed using Oxford Instruments HKL software and MTEX -a MATLAB based toolbox for analyzing crystallographic textures (Mainprice et al., 2014) . Extrapolation of unindexed pixels was performed using an HKL noise reduction algorithm, in which pixels with five adjacent pixels with common orientation were filled. Selected additional extrapolation was conducted manually, using band-contrast imaging to identify boundaries between grains. HR-EBSD post-processing uses crosscorrelation of regions of interest in diffraction patterns to measure lattice curvature with angular resolution of ∼0.01 • (Wilkinson et al., 2006) . The lattice curvature is used to estimate densities of geometrically necessary dislocations (GNDs). See Wallis et al. (2016) for further details of this method.
Results
Experimental samples show a distinct and progressive change in microstructure as a function of the duration of static annealing. These microstructural changes include an evolution of the grainsize distribution and a marked change in dislocation density. Fig. 1 presents representative EBSD maps of the grain-scale microstructure and pole figures of the CPO of the starting, initially deformed sample, and of samples F052, F042, and F037, which were annealed for 4, 20, and 168 h, respectively. Sample F052, annealed for 4 h (Fig. 1b) , contains large domains of grains that are comparable in size to the starting material (hereafter referred to as 'matrix'). Within this matrix are embedded a small number of grains, each about an order of magnitude larger than matrix grains (hereafter referred to as 'porphyroblasts'), which have grown rapidly at the expense of matrix grains. We distinguish the two groups using a threshold of 100 μm, with grains smaller than 100 μm defined as matrix, and grains larger than 100 μm defined as porphyroblasts. Sample F042, annealed for 20 h (Fig. 1c) , exhibits a similar bimodal grain-size distribution, but with a larger areal fraction of porphyroblasts. Sample F037, which was annealed for 168 h (Fig. 1d) , is almost entirely composed of large porphyroblasts (0.5-2 mm), with only a few remnant matrix grains. (010)[100] system. After 4 h of annealing, there is some dispersion of the original CPO that corresponds to the addition of the orientations of the growing porphyroblasts (Fig. 1b) . After 20 h of annealing, the original CPO is still clearly evident, but with the addition of a new secondary [100] peak at a small angle to the shear direction (Fig. 1c) . After 168 h of annealing, the dominant peak in the [100] pole figure shifts to a new orientation that is ∼10-15 • from the shear direction; only a weak peak remains parallel to the X-axis. The porphyroblasts comprise more than 80% of the sample area and therefore dominate the overall texture (Fig. 1d) .
Data are combined from the three annealing experiments to show how CPO of the matrix population compares to the porphyroblast population (Fig. 2) . The matrix exhibits a simple orthorhombic CPO pattern (Fig. 2b ) similar to the starting material (Fig. 1a) . The porphyroblast CPO is more complex (Fig. 2c) . It is characterized by peaks that are rotated ∼10-15 • from the matrix orientation, with some additional peaks oriented at a high angle (∼100-110 • ) to the matrix CPO. The different groups of crystallographic orientations can be seen most clearly in the [100] pole figure. The primary point maximum is oriented at a 10-15 • angle from the shear direction (within the X− Z plane). A secondary point maximum arises from a group of crystals with [100] axes oriented parallel to the shear direction, and are similar to the CPO of the matrix. There is also a set of crystals with [100] axes oriented ∼100-110 • to the shear plane at a small angle to the Z -axis. The Fig. 3 displays a single porphyroblast from sample F052 (marked by a red star) surrounded by matrix on three sides. The porphyroblast is characterized by generally straight boundaries that are cuspate in a few locations where the boundary is enveloping small relict matrix grains. In contrast, the matrix grains have bulging grain-boundaries that are similar to those observed in the starting material (Fig. 3a, c) . The porphyroblast orientation is rotated 90 • about the Y -axis from the matrix orientation, with [100] oriented normal to the original slip plane and the [010] axis oriented towards the shear direction (Fig. 3b) . The porphyroblast has a mean apparent GND density of 5.2 × 10 12 m −2 . This density is at the noise level of the measurement for the mapping step size used (Wallis et al., 2016) and therefore represents an upper bound on the GND density within the porphyroblast. In contrast, the matrix has a mean GND density of 5.7 × 10 14 m −2 , which is at least two orders of magnitude greater than the GND density of the porphyroblast and does not appear to be significantly modified by the annealing process. The boundaries between the porphyroblast and the matrix are typically high angle, with misorientation angles between 75 and 110 • . In contrast, boundaries within the matrix, which still retains a strong CPO, have an average misorientation angle of 30 • with standard deviation of 16 • (Fig. 3c) . A compilation of the grain-boundary misorientations from all three samples exhibits a clear shift in the overall distribution from grain bound- aries with low misorientation for matrix grains to grain boundaries with high misorientation for the porphyroblasts (Fig. 3d) .
Discussion

Interpretation of microstructural observations
Static annealing of polycrystalline materials involves a variety of processes, including dislocation annihilation and grain growth, both of which decrease the total energy stored in the material. Studies of the kinetics of grain growth in synthetic olivine aggregates typically show evidence for grain growth in which the grain-size distribution remains narrow, with a log-normal distribution (Karato, 1989; Nichols and Mackwell, 1991) . This type of grain growth is generally referred to as (spatially) continuous or 'normal', reflecting the continuous shift of unimodal grain-size distribution as the mean grain-size increases (e.g., Atkinson, 1988) . However, in starting materials that are less homogeneous, grain growth may proceed by (spatially) discontinuous or 'abnormal' grain growth, reflecting the rapid growth of selected grains during a transient stage characterized by a highly bimodal grainsize distribution (e.g., Hillert, 1965) . The noticeable microstructural evolution in our experiments, from an initially homogeneous microstructure with grain sizes around 30 μm and curved grain boundaries, to a microstructure that is dominated by grains that are 100-1000 μm in diameter with straight grain boundaries (Figs. 1-3) , is typical of discontinuous grain-growth. Cooper and Kohlstedt (1984) have observed discontinuous grain growth in olivine aggregates comprised of 4 or 10% basaltic melt and some initial larger grains. Although the driving forces for grain-boundary migration (GBM) in Cooper and Kohlstedt are different compared with this study, the intrinsic calculated mobilities are similar (for the grain-boundary mobility calculations see Appendix A).
For grains to grow discontinuously at the expense of other grains, two conditions must be met: (1) before discontinuous growth commences, a small number of grains in the aggregate must be larger than other grains, by at least a factor of two (Hillert, 1965) , and (2) the kinetics of growth of the matrix (relict small grains) must be intrinsically slow or inhibited. In our experiments, the low dislocation-density of the porphyroblasts suggests that a small, selective group of grains with relatively low dislocation-density grew rapidly at the expense of neighboring grains with high dislocation-density during the initial stages of annealing. This primary stage of growth, driven by gradients in strain energy associated with the dislocation content, produced a set of grains that are roughly double the size of their neighbors, satisfying the first condition for discontinuous grain-growth. Fig. 3a contains some examples of larger, elongate grains with gradients in dislocation density, which are interpreted to be examples of grains with boundaries that have migrated during the primary stage of recovery. For the second condition, a mechanism for inhibiting grain growth of matrix grains is needed. There are several mechanisms by which grain growth can be inhibited or slowed, including pinning of grain boundaries by secondary phases (Evans et al., 2001; Rios, 1997) , the presence of impurities at grain boundaries (Bhattacharyya et al., 2015; Powers and Glaeser, 1998; Skemer and Karato, 2007) , and the presence of a strong CPO yielding mostly low angle grain boundaries and low mean surface energy (Abbruzzese and Lücke, 1986; Eichelkraut et al., 1988) . Since low surface energy is directly related to the driving force for grain boundary migration (eq. (2) in Appendix A) and sample PT0718 is nearly monomineralic and chemically homogeneous, it is unlikely that secondary phases or impurities play a significant role in the inhibition of GBM. In addition, randomly oriented grains used to synthesize the deformed sample were hot-pressed during the hydrostatic experiments, showed only weak coarsening with no evidence for discontinuous grain growth (Supplementary material, Fig. S1 ). Therefore we infer that strong CPO is the explanation for the inhibition of normal grain-growth in our experiments, which is consistent with theoretical predictions (Abbruzzese and Lücke, 1986; Eichelkraut et al., 1988; Humphreys, 1997; Novikov and Novikov, 1997, pp. 102-111; Rollett et al., 1989) and experimental observations (Kim et al., 2007; Mishin et al., 2010; Zahid et al., 2009 ).
CPO modification during static annealing -comparison with previous studies
The results presented here indicate that static annealing of olivine results in discontinuous grain growth and both weakens and rotates pre-existing CPO. Previous studies spanning several geologic materials that investigated the style of static grain growth and the degree to which the strength and orientation of CPO is modified came to varied conclusions. Heilbronner and Tullis (2002) performed post-deformation annealing experiments on quartzite samples. Annealing in their experiments resulted in an increase of the mean grain-size by a factor of 2-5 by continuous grain growth. The CPO preserved its orientation but decreased in strength. However, other studies on quartz have found that c-axis orientations may be modified during annealing by orientation-dependent growth, resulting in increased CPO strength (Green, 1967) , or modification of the c-axis CPO from a dominant point maxima to a broader girdled circle in the direction of applied compression (Gleason and Tullis, 1990; Green II et al., 1970) . Stöckhert and Duyster (1999) have documented a transient stage of discontinuous grain growth in quartz veins. The porphyroblasts in their study have a distinctly different CPO than the surrounding matrix grains. The authors postulate that the discontinuous grain growth was promoted by the pre-existing CPO of the matrix and the variation of the grain-boundary energy with misorientation angle (Stöckhert and Duyster, 1999) . Similar interpretations were made recently for chromite (Ghosh et al., 2017) and ice (Hidas et al., 2017) . In ice, GBM was interpreted to weaken and even reset the CPO during grain-growth (Samyn et al., 2008; Wilson, 1982) , and to produce a girdle of c-axis orientations with an angle to the compression axis during syn-deformational GBM (Montagnat et al., 2015) . Additional grain growth experiments on calcite and rock-analogue materials such as octachloropropane have generally concluded that the post-annealing CPO may be weaker but is overall similar to the original CPO (Park et al., 2001; Wilson, 1982) . In summary, some studies conclude that during annealing the initial CPO is preserved, while others, show that the CPO can be modified in terms of its strength and/or its orientation.
Implications for CPO evolution and seismic anisotropy
It is well-documented that shear deformation of olivine typically leads to strengthening and rotation of CPO, which under a wide range of conditions will align the olivine [100] axes with the direction of flow (Kaminski and Ribe, 2001; Skemer et al., 2012; Wenk et al., 1991; Zhang and Karato, 1995) . The process of aligning olivine grains is complex, however, as it reflects the competition between several deformation and recovery processes. Through deformation, the 'primary' CPO is aligned with the deformation kinematics while recovery processes, like dynamic recrystallization, are overcome by crystallographic rotation due to plastic deformation (Karato, 1987) . Zhang et al. (2000) demonstrated that during deformation and associated dynamic recrystallization, a fraction of olivine grains with low dislocation-density and low Schmid factor (i.e., the resolved shear stress on the [100](010) slip system) tend to grow at the expense of adjacent grains with high (a) Stage I -During deformation, after sufficient strain, the dominant peak is aligned with the shear direction. A secondary peak on the plane of rotation is interpreted to result from syndeformational grainboundary migration (Lee et al., 2002; Zhang et al., 2000) . (b) Stage II -During annealing subsequent to stage I, a reversal occurs in which the secondary peak, at an angle to the shear direction, becomes dominant on the expense of the original peak. Fig. 5 . Modification of the anisotropic signature of seismic waves due to static annealing of an olivine polycrystal with pre-existing CPO. Pole figures show the orientation distributions of P-wave velocities (top) and the magnitudes and polarization directions of S-waves (bottom). The deformed starting sample, PT0178, is analogous to deformed asthenosphere with a strong A-type CPO. The CPO of porphyrobstast grains (i.e., Fig. 2c ) is analogous to a lithospheric layer after cooling and the cessation of deformation at asthenospheric temperatures. Pole figures were calculated using MSAT (Walker and Wookey, 2012) using elastic constants for olivine from Abramson et al. (1997). dislocation-density and high Schmid factor. This fraction of grains with low dislocation density form a secondary peak in the [100] pole figure (Fig. 4a) , which is also seen in many natural samples (e.g., Ben Ismaïl and Mainprice, 1998) , and is interpreted to result from syn-deformational GBM (Kaminski and Ribe, 2001; Lee et al., 2002) . Experimental studies to shear strains of γ ∼ 1.5 demonstrate that this secondary peak weakens with progressive deformation and the primary point maximum emerges parallel to the shear direction (Zhang and Karato, 1995) .
In our annealing experiments, we observe that a reversal of the CPO evolution arises due to extensive recovery by GBM for initially highly-strained aggregates. Starting from the orientation of a typical olivine A-type fabric, we observe growth of grains that are misoriented with respect to the original CPO (Fig. 4b) . This produces a secondary peak in the [100] pole figure that strengthens with annealing time (Figs. 1 and 4) . At some point between 20 and 168 h, this secondary, oblique peak becomes dominant (Figs. 1  and 4) , modifying the associated seismological signature (Fig. 5) .
While CPO in the asthenosphere potentially records the composite signature of both previous and current deformation events (Boneh et al., 2015) , CPO in the lithosphere is often interpreted to record past deformation events and remain unmodified by ongoing deformation in the underlying asthenosphere (Deschamps et al., 2008) . This 'frozen' or 'fossil' texture, can significantly affect the overall seismic signature of the upper mantle. However, it is unclear whether, for example, seismic anisotropy generated in the lithosphere truly reflects CPO introduced near mid-ocean ridges, or if additional modification has occurred. In this study, we have demonstrated that CPO may continue to evolve under static conditions due to preferential growth of grains in particular orientations. Fig. 5 reveals the consequences of microstructural evolution during annealing on P-wave velocities and anisotropy of S-wave velocities. In a dunite with the CPO of the deformed sample PT0718, P-wave anisotropy is approximately 20%. In contrast, in dunite with the CPO of the porphyroblast grains (Fig. 2c) , P-waves would exhibit anisotropy of only 12%. S-wave anisotropy is similarly reduced, from 13.7% to 8.2%. Moreover, the orientations of the fast direction are rotated by 10-15 degrees. These changes in the orientation distributions and magnitudes of seismic anisotropy offer an explanation for the general global trend of greater seismic anisotropy in the asthenosphere compared with the lithosphere (Beghein et al., 2014; Burgos et al., 2014) .
Conclusions
CPO forms during creep by dislocation-mediated deformation mechanisms, and relationships between seismic anisotropy, CPO, and kinematics, are often used to infer flow patterns in the upper mantle (e.g., Karato et al., 2008; Skemer and Hansen, 2016) . However, recent studies have shown that CPO doesn't necessarily record only the ongoing deformation but may retain a record of, or be otherwise influenced by, former deformation episodes (Blackman et al., 2002; Boneh et al., 2015; Boneh and Skemer, 2014; Hansen et al., 2014) . Discontinuous grain-growth, which occurs readily during high-temperature annealing of textured olivine samples leads to significant modification of the CPO. This implies that CPO, and hence seismic anisotropy, will continue to evolve, even during periods of tectonic quiescence. These observations challenge the view that CPO in the lithosphere is frozen and generally remains unchanged. Interpretation of seismic anisotropy generated in the lithosphere must consider that CPO formed under asthenospheric temperatures and incorporated into the lithosphere may have weakened and rotated with time.
Mobility is a fundamental property of grain boundaries and may be used to model grain-growth and other processes. To estimate the mobility of the large olivine grain boundary in Fig. 3 we use the following relation for the velocity of a moving inter-
where M is the grain boundary mobility, which has an Arrhenius form (M = M 0 e −E/RT ), and F is the driving force per unit area. We assume the driving force for grain boundary migration results from both the difference in grain boundary energy and the difference in strain energy between the abnormally growing grain and the matrix. The driving force per unit area due to grain boundary energy is expressed as:
where γ is the grain-boundary energy (∼0.9 J/m 2 for olivine; Cooper and Kohlstedt, 1984) , and d is the diameter of the matrix grains. The driving force per unit area due to strain energy is given by:
where μ is the shear modulus, b is the length of the Burgers vector, and ρ is the difference in dislocation-density across the boundary of interest. We sum the driving forces due to the grainboundary and strain energies (F = F b + F s ). Using equations (2) and ( 
where d p is the final diameter of the porphyroblast highlighted in Fig. 3, d is the mean diameter of the matrix grains, and dt is the duration of the experiment during which temperature was at its maximum. V is calculated to be 6.9 × 10 −9 m/s. From equation (1) 
